interface would remain planar as occurs in the freezing of fresh water, for example, in ponds and lakes. ) The tips of the dendrites protrude down into the seawater where, in the process of continued growth, the lateral connections between dendrites close off, entrapping pockets of brine as they do so (see Fig. 1 ). Dendrite tip length can exceed a centimeter or more and the dendrite spacing (plate width) can vary from a few tenths of a millimeter to 1 mm, depending mainly on the speed of growth; the faster the growth the narrower the plate spacing and the greater the salinity. Consequently, the underside of growing sea ice is characterized by an assemblage of randomly oriented crystals consisting of plates and layers of brine pockets and separated by highly irregular grain boundaries (see Fig. 2 Another factor of structural significance is the tendency for the sea ice to develop a preferred orientation in which the plate structure and, hence, the c axes, become strongly aligned among neighboring crystals. Weeks and Gow 3 have demonstrated that such preferred orientation is the rule for landfast sea ice along the Arctic coast of Alaska and from correlations with current measurements, have ascribed such alignments to the action of a persistent current moving across the growing ice interface.
We believe that acoustical scattering from undeformed growing sea ice is governed by this intricate ice structure. In the particular case of newly formed, cold sea ice, the dendritic microroughness at the ice/water interface, and the porous but nearly impermeable brine layer structure in the bulk ice in the columnar zone are critical factors determining the scattering properties of the material.
The purpose of this paper is to examine the acoustical reflection and scattering specifically at the ice/water interface of growing sea ice. (We limit our analysis to the growth phase of sea ice in order to avoid the myriad of morphological changes that occur as the ice ages during the course of a year. 4) We begin by modeling the interface as stochastic and defined by an rms roughness and two-dimensional correlation function. We use the Eckart formulation, 5 as outlined in Clay and Medwin, 6 to describe the scattering and describe ping-to-ping fluctuations of the reflected echo by the Rice probability density function (PDF). 7 These fluctuations occur as the sonar is moved under the sea ice. We relate echo fluctuations from the underside of sea ice to its scattering properties in the same way as described in previous papers. 8-•ø After briefly reviewing the theory, we present measurements of the echo fluctuations made at several different acoustic frequencies. These measurements were performed under controlled conditions at the Cold Regions Research and Engineering Laboratory (CRREL) sea ice pond. We extract water/ice interface properties (or "effective" interface properties) from the measurements to predict fluctuations for other sonars. ,
I. THEORY
We are studying ping-to-ping fluctuations as the sonar is moved horizontally through the water under the ice. We have adopted the acoustic scattering model originated by Eckart to model reflection and scattering at normal incidence by the underside of sea ice. Eckart's technique has been used successfully to model scattering from the sea surface, seafloor, and laboratory-constructed surfaces. The theory treats the surface as stochastic with an rms roughness and two-dimensional correlation function (or equivalently roughness spectrum).
The major assumptions in our application of Eckart's theory are the following.
( 1 ) The echo is from the water/ice interface only, that is, returns from ice volume inhomogeneities and the ice/air interface do not contaminate the echo from the interface.
( 2 ) The roughness is uniform and small (4k 2oa < 1 ) and any scattering is due to small slope features, where k is the acoustic wavenumber, and c is the rms roughness.
(3) The direction of the incident sonar ping is normal or near normal to the interface so that shadowing does not oc- 
incoherently scattered echo intensity (s 2)
In the electrical analogy, y would be the signal-to-noise ratio. We write the Rice PDF to describe the echo amplitude e = (pp*) 1/2 from the seafloor as 8
w(e) = 2e(1 + y) exp( (1 q-y)e2 q-y(e2)) q, 
to give us a compact formula
where the expression for a given in Eq. (9) was inserted into Eq. (13). The second term in the parentheses is usually negligible unless the sonar is very close to the interface where nearfield effects become important. The product a2Ic is a measure of the three-dimensional roughness of the surface and is independent of the sonar. Equations (8) and (13) describe (normal incidence) echo fluctuations from a rough interface. What is especially important is that the fluctuations are described in terms of the integral of the correlation function, not the correlation function itself. It is very difficult to know the exact correlation function from point to point along a rough interface. Fortunately, any random uncertainties in estimating it tend to average to zero in the integration.
Reiterating, the term y determines the shape ofthe PDF of the echo envelope. It is expressed in terms of the wavenumber, beamwidth, rms roughness, and the integral of the correlation function Ic. Equation (13) shows that the greater the combination of frequency, beamwidth, and roughness, the smaller y is and, hence, the greater the degree of fluctuations (Fig. 3) . Conversely, the fluctuations decrease (y increases) as the combination of frequency, beamwidth, and roughness decrease.
We will use the Rice PDF [Eq. (8) ] to describe echo fluctuations from the underside of sea ice. We will apply Eq. echo amplitude from a free-water surface in a separate tank at the same range. Superimposed is the Rice PDF from Eq. ß (8). The corresponding values of 7/from Eq. (8) are shown. The figure shows the PDFs of echo amplitudes to be broad and Rayleigh-like at the high acoustic frequencies 420 and 820 kHz and narrow and Gaussian-like at the low frequencies 125 and 188 kHz. This contrast illustrates how at high frequencies the echoes fluctuate greatly and at lower frequencies the echoes are consistent from ping to ping. The transition between a Gaussian-like to a Rayleighlike distribution is significant because now we can estimate the effective size of the scatterers. Equation ( 1 ) shows that the transition between coherent energy ( (p) 2) and incoherent energy occurs when 4k 2oa• 1. Using the wavenumber at 420 kHz of 1800 m-1, we estimate the rms roughness tr to be about 0.28 mm which is comparable to the estimated 0.5-mm vertical length of the protruding tip of the dendrites at the water/ice interface [ the horizontal thickness was measured to be roughly 0.5 mm which allows us to estimate the length (Figs. 1, 6, and 7) ]. This suggests that the fluctuations are due mostly to roughness at the interface. ( 1 ) First, we used long pulse widths in our work (400 its) giving the potential for interference between waves reflected from the bottom and the top of the ice. We discount this possibility because: (a) We repeated the reflection measurements at 188 kHz on thicker ice ( 18 cm thick) and obtained a reflection coefficient, averaged over 12 points, of 0.04•the same value as reported in Fig. 8 for the 9-cm-thick ice; and (b) we measured the one-way attenuation of 188-kHz sound through the 18-cm-thick ice to be roughly 30 dB 23'24 making the two-way attenuation (water/ice to air/ ice to water/ice interface) to be 60 dB. In the latter case, any return from the air/ice interface for this thicker ice would be attenuated by 60 dB and rendered insignificant compared to the echo from the water/ice interface. Therefore, the observation of the 0.04 reflection coefficient for the thicker ice clearly represents the echo from the water/ice interface only.
Because we observed the ice to be inhomogeneous (i.e., porosity and permeability varied as functions of depth in ice), we cannot calculate the attenuation for the 9-cm-thick ice. If it were homogeneous, then the two-way attenuation at 188 kHz would be 30 dB and the return from the air/ice interface would have a strength of 0.03, which is comparable to the 0.04 relative signal level we measured, potentially contaminating our estimate of reflection strength from the water/ice interface. Nevertheless, the combination of the ob-served high attenuation with the apparent invariance of echo signal level with ice thickness strongly suggests that there is little contribution to the measured signal from the air/ice interface. (In fact, we believe most of the attenuation occurs in the lower portions of the ice where the porosity and permeability are highest. 25-3ø If true, then we have underestimated the two-way attenuation in the 9-cm-thick ice, strengthening our arguments.)
The one-way attenuations measured on the 18-cm-thick ice at our other frequencies were about 25, 70, and > 80 dB for 125, 420, and 820 kHz, respectively, where the ">" sign indicates that the attenuation was immeasurably high and that this value represents a lower bound. If, as implied in the 188-kHz data, the respective two-way attenuations for the 9-cm-thick ice is greater than these one-way attenuations measured in the 18-cm-thick ice, then we suspect that the echo from the air/ice interface is also insignificant compared to the echo from the water/ice interface at the 125-, 420-, and 820-kHz frequencies.
(2) An alternative possibility that explains the variation in reported reflection coefficients is that the ice we studied and that sampled by the other investigators are morphologically different. It is difficult to test this hypothesis because no structural data are presented in the other papers. However, additional experiments were performed on the CRREL pond when the outside temperature had increased such that the ice was isothermal and the dendritic structure had deteriorated. Instead of porous and permeable dendritic crystals, the interface had melted to a grainy, cellular structure, and the dendrites were not present. The reflection coefficient under these conditions had increased from 0.04 to 0.12 at 188 kHz--approximately the value obtained in the Arctic.
Because of this demonstrated sensitivity of the reflection coefficient to the structure of the water/ice interface, we feel it is reasonable to hypothesize that the difference between the reflection coefficients reported by the investigators is due to the differences in structure of the interfaces. The fact that the reflection coefficients reported by all of the investigators are below the theoretical value of 0.35, computed using reported average densities and p-wave velocities for sea ice, is probably due to the porosity of the interface. A highly porous and permeable interface can present a gradual profile of acoustic impedance. Hence, most of the acoustical energy would be coupled into the ice sheet. This is the conclusion Langleben reached when describing the reflection from the underside of Arctic sea ice as a function of angle of inci-
The fits of the Rice PDF and resultant values of ?' are relatively accurate for the 125-and 188-kHz data and quite approximate for the higher frequencies; ?' is accurate to within about 10% at the two low frequencies. At 420 kHz, there is a 50% error bar and, at 820 kHz, ?' can range from 0-0.4 and still fit the data. These inaccuracies at the higher frequencies illustrate how use of the ?' parameter is only practical when ?' •> 2. Below values of 2, the shape of the Rice PDF resembles the Rayleigh PDF (Fig. 3) , and, in fact, a ?' = 0 PDF is barely distinguishable from a ?' = 1 PDF. The relative accuracy of the echo amplitude data at a given frequency (not including absolute calibration) was about 5%. This "jitter" in the data would tend to broaden the PDFs and, hence, the value of ?' given is a lower bound. As a worst case, the actual value of?' at 125 kHz could be as high as 35, and at 188 kHz it could be as high as 8. If the physical mechanism that controls the scattering at the frequencies of our experiment ( 125-820 kHz) also controls the scattering at lower frequencies, then, below 50 kHz, the PDFs would be nearly like the Dekta function (very high 7) for all beamwidths; that is, the (normal incidence) echo would fluctuate very little due to the ice/water interface roughness. For a 25-kHz sonar, we calculate 7 to be equal to 16 000, 4000, 1800, and 990 for beamwidths of 10 ø, 20 ø, 30 ø, and 40 ø, respectively. These high values of 7 illustrate the ping-t.o-ping consistency at this frequency.
IV. CONCLUSIONS AND SUMMARY
We have measured echo amplitude variations from the bottom of sea ice and have made careful observations of sea ice morphology. The results of our acoustical measurements show that the coherent reflection coefficient is very low (•0.05) and that the echo amplitude histograms transform from Gaussian to Rayleigh statistics between 200 and 400 kHz. From the latter observation, we calculated the characteristic size ( rms roughness) of the scattering obstacles to be about 0.3 mm. This is comparable to the estimated length of the protruding tips of the dendrites found at the base of growing sea ice, which implies that the dendrites are the controlling factor in the scattering process. We hypothesize that the permeable dendritic structure near the ice/water interface produces a low reflection coefficient by presenting a gradual profile of acoustic impedance. Hence, most of the acoustic energy is coupled into the ice sheet.
Finally, we used the Rice PDF to fit the echo fluctuations and used the PDF with the Eckart scattering theory to predict the performance of other sonars. If the physical mechanism that controls the scattering at the frequencies of our experiment ( 125-820 kHz) also controls the scattering at lower frequencies, then below 50 kHz, the echoes would not show large amplitude fluctuations, even for large beamwidths. This would be because the size of the dendrites and individual crystals are small compared to the acoustic wavelength at these low frequencies.
